T6r + normally have a short latent period for some of the cells in the population, but the majority of the culture shows a 4-hr delayed mass lysis, described as a lysis inhibition phenomenon by Doermann (1948 Doermann ( , 1952 .
The different media employed for growth of the bacteria and infection with phage all gave comparable results. They included nutrient broth at pH 7.2, the same broth with 0.05 per cent glucose and 0.5 per cent NaCl, a simple synthetic medium with lactate as energy source, and the same medium with glucose as energy source (Adams, 1950) . When glucose media were used, the pH was routinely adjusted to 7.2 with NaOH before infection or before lysis was induced. Phage stocks were prepared in nutrient broth and occasionally in synthetic medium, and had a minimum titer of 1010 particles per ml.
Measurement of growth and lysis. Lysis experiments were carried out in duplicate or triplicate in Wassermann tubes in which lysis was measured turbidimetrically by eye and graded semi-quantitatively from 0 to 3 minus, the latter indicating complete clearing. Plus numbers were used for increased turbidity over refrigerated controls that were assigned a zero value. In several experiments, a Klett-Summerson photoelectric colorimeter was used to establish a more quantitative measure of growth or lysis. All growth and lysis experiments were carried out at 37 C except where noted.
RESULTS

Premature Lysis
The search for lysing agents.3 A survey experiment was first carried out to see which chemical agents could induce premature lysis in T6r+ infected bacteria. In this way, it was hoped that (1) the lytic reaction among all the reactions in the infected cell could be relatively isolated and induced at will, and (2) that a hint of the lytic mechanism might be obtained by knowing the properties or mode of action of the inducing chemical.
Nutrient broth cultures of aerated E. coli strain B/r were started by inoculation of 100 to 1,000 organisms. When the turbidity reached approximately 4 X 108 bacteria per ml (checked by curve of turbidity vs. plate count), half of the culture was infected with Ter + in a ratio of 5 phages to 1 bacterium. At 8 min, 16 min, and 1 hr after infection, 2 ml quantities of the infected cultures were dispensed in Wassermann tubes containing 0.01% 0.5 u*/ml 5 u*/ml 0.5 u*/ml 5 u*/ml 0.5 u*/ml 5 u*/ml 1 mg/ml Supernatant from 0.5% suspension 1% 1% 1% 1% to pH 3.5 to pH above 10 5% 5% 5% 5% * u = unit; 1 unit streptomycin = 1 ,ug; 1 unit chloromycetin = 1 ,ug. different from the lysis-from-without type of system described elsewhere (Cohen, 1949) , and that the effect of the poisons is complex.
The premature lytic reaction induced so effectively by the fat solvents was studied because these solvents did not, at the same time, inactivate any of the phages studied. In addition, they permit a partial isolation of the lytic reaction.
Conditions affecting the lytic reaction. The effect of the phage to bacteria ratio was studied as a factor in the reaction by varying the amount of inoculated phage, while keeping the bacterial population constant at about 4 X 108 ml. It was found that a minimum input ratio of 0.5 phage to 1 bacterium was necessary for obtaining at least partial lysis when the fat solvents were added 17 min after infection. This figure is expected on the basis of the number of lysed cells necessary for detecting a drop in turbidity by eye estimation.
Phage adsorption appears to be at least one necessary prerequisite of the premature lytic reaction as implied from the results in the first experiment. First, uninfected cells only lysed slightly in the presence of the lysing agents indicating that phage host interaction is needed for the induced lytic reaction to occur. Furthermore, when T6r + phage was inoculated into broth contaiing a Tor+ resistant variant of E. coli in a ratio up to 15 to 1, chloroform, ether, or phenol fail to bring about lysis beyond that of controls, even after 1 hr of incubation. On the other hand, the fact that the lysing agents failed to induce premature lysis in the first half of the latent period implies that phage adsorption and other early events following infection are not enough to prepare the bacteria for premature lysis by the lysing agents. It was also found that heat-killed bacteria (60 C, 30 min) which are allowed to adsorb more than 5 phage particles per bacterium do not lyse in the presence of chloroform or ether. This, too, shows that some factor other than phage adsorption is necessary before lysis can be induced.
Characteristics of the Induced Premature
Lysis Reaction The effect of temperature and pH. A second type of temperature study was carried out as follows: Bacterial cultures were prepared and infected as described in the first experiment, except that the cultures were aerated. After 14 min and again in 1 hr, the infected cultures were placed in a water bath at temperatures varying from 2 to 70 C for 4 min. When the agents used for inducing premature lysis were added, they were at the same temperature as the cultures except for those cultures above 50 C, in which instances, they were left at 37 C. Lysis was measured in a photoelectric colorimeter and the time necessary for 50 per cent lysis to occur was recorded. The graph shown in figure 1 in which 10 is the value representing the greatest relative activity indicates that there was an increase in activity with the rise in temperature until about 37 C, after which the reaction slowed until there was complete failure of lysis at 70 C. A Qlo value of 2 to 3 can be calculated which, together with previous temperature data, is entirely consistent with the characteristics of an enzymatic reaction.
The next experiment was carried out to establish the pH limits and the pH optimum for the lytic reaction. After the culture was infected as in previous experiments, the pH of the cultures was adjusted with sodium hydroxide 14 min after infection to the values shown in figure 1. Three minutes following this adjustment, chloroform was added. The loss in turbidity was noted and the time necessary for 50 per cent lysis to occur was recorded. The results of this experiment (figure 1) show that a pH of 6.4 and 10.0 prevent the chloroform-induced lytic reaction and that there is a sharp rise as the curve approaches pH 7.5 once activity is evident. An optimum range for the reaction exists between pH 6.8 and 7.6.
The effect of poisons. In addition to supporting the notion of the involvement of an enzyme reaction, these data provide evidence that the process of virus reproduction is to some extent independent of that of lysis (Foster, 1948; Adams, 1954) . This is true because the specific poisons tested are known to inhibit virus reproduction (Price, 1947; Cohen, 1949; Ackermann and Johnson, 1953) The next major series of experiments were designed with the following aims in mind: (1) to separate the lysin from the infected cell system for study in a more isolated system; (2) to study its relation to the phage and to the host cell; (3) to characterize the lytic reaction involving the separated lysin by the same criteria as were used for characterizing lysis in the infected cell. The last point is of particular importance for identifying an unknown, crude, separated enzyme with that involved in the infected cell. It is well known that bacteria, including E. coli, posess intracellular enzymes such as proteinases, nucleases, etc. (Cohen, 1949 conditions for the tests were the same as those described for the study of enzyme activity on the infected cultures. The data are presented graphically in figure 2. A comparison of these results with those found in figure 1 show a marked similarity in the enzyme activity involved in both systems. In addition, the effects of the poisons on the killed cell system were identical with those shown in table 3 for the infected cell system. It appears that the activity involved in both systems is enzymic, and that the enzymes involved are probably the same.
Ly8is in T8 and T1 Infectioms
Comparison of the lytic reaction in Tor+, T3 and T1 infections. The reactions and data for T-induced lysis were almost identical with those found for T6r+ infections. Although the search was not as extensive, it was shown that the same compounds that were capable of inducing premature lysis in the T6r + phage-host system were effective agents for the T8 phage-host system, and those that failed to induce premature lysis, were equally ineffective in both systems. For example, the same fat solvents and the cationic agent were effective as premature lysis inducers in both systems, while mercuric chloride, chlorine, sodium azide, dinitrophenol, etc., failed to induce premature lysis under comparable conditions. In ad- dition to these similarities, the pH limits and optima, the relation of the rate of the lytic reaction to temperature, and the effect of poisons on the lytic reaction itself are virtually identical in both T3 and Ter+-induced lysis. The data on the ultracentrifuged phage lysate-killed cell system were also similar.
A study with Ti-infected populations, however, immediately revealed striking differences. Chloroform, ether, or other fat solvents, which induced premature lysis in T6r+ and T3 infections, inhibited completely the lytic reaction in T1 infections, even when added only 3 min prior to mass lysis. Since chloroform fails to inactivate either Ti, T3 or Tr+, the differences are not due to an effect on the phage. Adams (1949) reported that sodium citrate inhibits lysis in T1 infections when added at or before infection. In the experiment reported here, sodium citrate was found to delay T1-induced lysis when added at various times after adsorption. It was least inhibitory in the second half of the latent period (Andrewes and Elford, 1932 Microscopic observations. The process of lysis was observed for the 3 phage infections in hanging drop preparations, or, less frequently, on agar (Adams, 1950) . Swelling of E. coli under the influence of certain phages (including T1) has been observed by others (Hetler and Bronfenbrenner, 1932; Bayne-Jones and Sandholzer, 1933; Delbruck, 1940) . The significance of these observations are in some doubt in view of Delbruck's observation (1940) The following picture represents one possible mechanism for phage induced lysis in T3 and Tor + infections based on the work of others and that described here. The reproducing phage particles are conceived of as agents which activate autolysis of the host cell in at least a 2-step process. The process involves a "sensitization" which is followed by a more direct activation of the host cell autolysin(s) when the phage particles are at or near completion. It is at this point that the premature lysing agents are more efficient than the phage, and thus hurry the process along. When the lysing agents are added to infected cultures in the first half of the latent period, they do not induce premature lysis because phage growth is prevented from reaching that point at which the final steps of autolysin activation can proceed. It is possible that at least one step in the activation involves the removal or inactivation of an autolysin inhibitor, as has been described (Kozloff, 1953) for the activation of deoxyribonuclease in phage infected E. coli, but further work is necessary before this guess can be substantiated.
Lysis of E. coli that is more or less associated with phage has been described for several diverse systems. These include systems that may be regarded as the lysis-from-without type (Delbruck, 1940) , where lysis occurs without increase of infectious phage. In this category would fall: (1) the lysis induced by nucleic acid-free phage "ghosts" (Herriott, 1951) ; (2) the lysis induced by phage when the bacteria, before infection, have been deprived of their source of energy by starvation (Monod and Wollman, 1947) or by anaerobiosis or energy poisons (Cohen, 1949) ; (3) the lysis induced in uninfected bacteria by polyelectrolytes, the latter presumably acting like phage in the initial stages of phage infection (Puck, 1953) . The relation of this type of lysis to what occurs in "normal" bacteriophage infections is unknown (Adams, 1954) .
Admittedly, lysis occurring in the lysis-fromwithout type systems is somewhat removed from that occurring in "normal" phage infections. A closer resemblance to "normal" phage induced lysis may perhaps be found in the systems where (1) proflavine permits lysis while inhibiting the production of mature virus (and not of incomplete virus) as described by Foster (1948) , and DeMars et al. (1953) , (2) lysis is induced prematurely in the second half of the latent period, as described by Doermann (1952) , and the experiments in the present paper. The 2-step hypothesis suggested in this discussion for explaining "normal" phage-induced lysis is first based on the assumption that lysis induced prematurely and "normal" lysis involve the same mechanism. Considerable evidence for this has been presented. Secondly, it is emphasized that the hypothesis applies to Ter + and Ts phage-induced lysis and not to T1-induced lysis because of the evidence showing they have different lytic mechanisms.
In order to gather additional evidence for the 2-step hypothesis, exploratory experiments were carried out to test whether any chemicals could substitute for the phage in the first or "sensitizing" step. Of many tried, it was found that 0.7 per cent citrate (not growth-inhibitory), and cyanide, both sensitized uninfected E. coli strain B/r to partial lysis (20 per cent turbidity remained) when subsequently treated with chloroform, ether, or 0.25 per cent phenol. The supernatant from these cultures, in several different experiments, contained a maximum enzyme titer of 10 on chloroform-killed E. coli. These results are suggestive but still equivocal. If the system could be improved to give enzymes comparable in titer, in degree of lysis, and reproducibility to those found in the phage infected bacteria, this would be additional evidence in support of the 2-step hypothesis.
SUIMMARY
The lysis of Escherichia coli strain B/r by bacteriophages T1, Ts and T6r + was studied including lysis of infected cells induced prematurely by lysing agents. Biochemical and some microscopic evidence is presented which indicates that the mechanism of lysis in a single host strain population depends on the specific infecting agent. The data, for example, show that the mechanisms associated with Ts and Ter +-induced lysis appear similar, but both are different from T1-induced lysis.
BROWN
A close study was made of the lytic reactions induced by Ts and Tor +. The effect of temperature, pH, and poisons on the reaction in the infected cell population was noted. Chloroform-killed, but not heat-killed, E. coli provided a suitable substrate with which to study lysis by ultracentrifuged phage lysates with respect to the same characteristics. The data in both the infected cell and killed cell systems suggest a mechanism involving the activation of host cell (autolytic) enzyme(s) by the T3 and Tor+ phages.
